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Glutamatergic Plasticity by Synaptic Delivery
of GluR-Blong-Containing AMPA Receptors
of AMPA receptors from nonsynaptic to synaptic loci
(Malinow and Malenka, 2002).
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prises four subunits, termed GluR-A through GluR-DPeter H. Seeburg,1 and Pavel Osten1,*
(or GluR1 through GluR4), which form hetero-tetrameric1Max Planck Institute for Medical Research
receptor complexes (Dingledine et al., 1999; Rosen-Department of Molecular Neurobiology
mund et al., 1998). These subunits possess distinctiveJahnstrasse 29
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amino acid residue GluR-B and GluR-C peptides, and2 Cold Spring Harbor Laboratory
“long,” 68 and 81 residue GluR-D and GluR-A peptides,1 Bungtown Road
respectively. The critical function of the C-terminal do-Cold Spring Harbor, New York 11724
mains is to mediate subunit-specific interactions with3 Department of Pharmacology
proteins for regulating transport, synaptic insertion, syn-University of Virginia School of Medicine
aptic membrane retention, and local synaptic recycling1300 Jefferson Park Avenue
(Braithwaite et al., 2000; Sheng and Lee, 2001; BarryCharlottesville, Virginia 22908
and Ziff, 2002; Song and Huganir, 2002).
In adult hippocampus, the two major AMPA receptor
populations consist of the GluR-A/GluR-B and GluR-B/
Summary GluR-C complexes (Wenthold et al., 1996). The synaptic
insertion of the GluR-A/GluR-B receptors is activity de-
Activity-driven delivery of AMPA receptors is proposed pendent and is regulated by the GluR-A subunit: post-
to mediate glutamatergic synaptic plasticity, both dur- synaptic Ca2 influx via NMDA-type glutamate receptors
ing development and learning. In hippocampal CA1 activates the calcium/calmodulin-dependent protein ki-
principal neurons, such trafficking is primarily medi- nase II, CaMKII, leading to ras-mediated activation of
ated by the abundant GluR-A subunit. We now report the p42/44 mitogen-activated protein kinase (Hayashi et
a study of GluR-Blong, a C-terminal splice variant of the al., 2000; Shi et al., 2001; Zhu et al., 2002). This signaling
GluR-B subunit. GluR-Blong synaptic delivery is regu- cascade is triggered by strong synaptic activity, such
lated by two forms of activity. Spontaneous synaptic as during brief high-frequency stimulation (tetanus) or
activity-driven GluR-Blong transport maintains one- low-frequency stimulation paired with prolonged post-
third of the steady-state AMPA receptor-mediated re- synaptic depolarization (pairing protocol), and results in
sponses, while GluR-Blong delivery following the induc- the induction of GluR-A-dependent LTP (Zhu et al.,
tion of LTP is responsible for approximately 50% of 2002). The GluR-B/GluR-C receptors, on the other hand,
the resulting potentiation at the hippocampal CA3 to are delivered constitutively to the synaptic surface via
CA1 synapses at the time of GluR-Blong peak expres- a GluR-B-mediated interaction with N-ethylmaleimide-
sion—the second postnatal week. Trafficking of GluR- sensitive fusion protein (NSF) and class II PDZ domain
Blong-containing receptors thus mediates a GluR-A- proteins (Shi et al., 2001). This GluR-B-mediated activity-
independent form of glutamatergic synaptic plasticity independent transport is believed to replace synaptic
in the juvenile hippocampus. AMPA receptors without changing the synaptic efficacy
(Zhu et al., 2000).
A critical importance of the GluR-A subunit for gluta-
Introduction
matergic plasticity and learning was demonstrated in
mice lacking a functional GluR-A gene: in hippocampal
Glutamate is the main excitatory neurotransmitter in the slices prepared from adult GluR-A/ animals tetanic,
central nervous system (CNS). Glutamatergic synaptic stimulation failed to elicit LTP at CA3-CA1 synapses
plasticity, typically induced by N-methyl-D-aspartate (Zamanillo et al., 1999), and the mice had severely im-
(NMDA) receptor activation, is manifested by long-term paired spatial working memory (Reisel et al., 2002). How-
potentiation or depression (LTP or LTD) of the -amino- ever, the GluR-A/ mice showed normal development
3-hydroxy-5-methylisoxazole-4-proprionic acid (AMPA) of hippocampal excitatory circuitry and normal spatial
receptor-mediated synaptic current amplitude (Malenka reference memory in a water maze learning in the adult,
and Nicoll, 1999; Malinow et al., 2000). The molecular both processes presumably also requiring hippocam-
mechanisms by which neurons can regulate postsynap- pal synaptic plasticity (Zamanillo et al., 1999). Indeed,
tic AMPA receptor-mediated current responses may in- GluR-A-independent forms of hippocampal CA3 to CA1
clude changes in receptor number at individual syn- LTP in juvenile as well as in adult animals were recently
apses. Indeed, at least some aspects of excitatory reported (Hoffman et al., 2002; Jensen et al., 2003). While
synaptic plasticity in the developing and mature CNS the mechanisms for these forms of glutamatergic synap-
appear to result from activity-regulated incorporation tic plasticity in the GluR-A/ animals are not known, a
possible scenario may include AMPA receptor delivery
regulated by a subunit different from GluR-A. Notably,*Correspondence: posten@mpimf-heidelberg.mpg.de
4 These authors contributed equally to this work. the GluR-B primary transcript gives rise to two C-ter-
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Figure 1. Expression of GluR-Blong mRNA
(A) The 3 region of the GluR-B primary transcript (GluR-B pre-mRNA) contains exons 16 and 17 encoding the alternative C-terminal sequences
(Kohler et al., 1994) (exons are drawn as boxes, introns as horizontal lines). Exon 16 encodes the last membrane region (M4, shown as a black
box) and the short C-terminal peptide (coding sequences for NSF- and PDZ-binding regions, proximal and distal respectively, are indicated
by striped boxes). Exon 17 encodes the long C-terminal peptide (the coding sequence is shown as a gray box). Sequences used for 3 UTR
are hatched. The predominant splicing mode, depicted by a full line, generates GluR-B with the short C-terminal peptide (GluR-B mRNA),
containing the sequence for the long C-terminal peptide in its 3 UTR (hatched-gray region after the GluR-B stop codon depicted by an
asterisk). Alternative splicing, depicted by a dashed line, generates GluR-B with the long C-terminal peptide (GluR-Blong mRNA).
(B) Comparison of putative GluR-Blong peptide sequences derived from the 3 UTR of human, rat, mouse, pigeon, and zebrafish GluR-B cDNA
sequences from the NCBI databank. Only differences from a consensus sequence are listed. Boxed Thr, a putative PKC phosphorylation site,
and boxed Ser, a putative PKA phosphorylation site, are also conserved in GluR-D and GluR-A (Song and Huganir, 2002).
(C) Developmental expression of GluR-Blong mRNA. In situ hybridization was performed with GluR-Blong-specific oligonucleotide (Blongsplice) on
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minal alternative splice variants, a “short” form referred and mouse retina cDNA (Hughes, 1997), has not yet
been investigated. We employed in situ hybridizationto as GluR-B (above), and a “long” form termed GluR-
with GluR-Blong-specific probe to analyze the develop-Blong (Kohler et al., 1994). GluR-Blong contains a 68 amino
mental expression of GluR-Blong mRNA in the mouseresidue C-terminal domain that shows 63% identity with
brain. GluR-Blong was expressed already at embryonicthe GluR-D C-terminal domain. Until now, the expression
stages in the cortex and hippocampus, and reachedprofile of GluR-Blong and the role of GluR-Blong in AMPA
peak expression between P7 and P15 in the hippocam-receptor-mediated synaptic transmission have not
pal pyramidal cell layers and dentate gyrus granule cellsbeen investigated.
(Figure 1C; expression in the cerebellum could not beHere we describe the developmental and regional ex-
evaluated due to a high background in the control sec-pression of GluR-Blong, its steady-state oligomerization
tions, lower panels). Comparison with GluR-B showedwith other AMPA receptor subunits, and its mode of
a similar expression pattern of the two GluR-B forms insynaptic delivery. We show that GluR-Blong synaptic in-
all brain regions investigated, but the overall mRNA levelsertion is activity dependent, triggered by spontaneous
of GluR-Blong in the forebrain appeared considerablysynaptic activity and following the induction of LTP.
weaker than that of GluR-B (Figure 1D). GluR-Blong was,The overall significance of GluR-Blong-mediated AMPA
however, expressed at strikingly high level in the granulereceptor trafficking, as examined by expression of the
cell layer of the olfactory bulb as compared to the adja-EGFP-tagged GluR-Blong C-terminal domain predicted to
cent perirhinal cortex, while GluR-B mRNA levels ininterfere with the transport of endogenous GluR-Blong
these brain regions did not differ (Figure 1E). This dem-receptors, was 2-fold. First, inhibition of GluR-Blong deliv-
onstrates that the generation of the two splice forms isery by spontaneous synaptic activity resulted in 35%
differently regulated in neuronal cell types.reduction of the steady-state AMPA receptor responses
To study expression of GluR-Blong at the protein level,in young postnatal day 14 (P14) CA1 pyramidal neurons.
we generated a GluR-Blong-specific polyclonal antibodySecond, inhibition of GluR-Blong transport during the in-
against the C-terminal 14 amino residues. The anti-duction of LTP resulted in50% reduction of the estab-
GluR-Blong serum recognized heterologously expressedlished potentiation in P14 CA1 neurons of rat organo-
GluR-Blong and did not crossreact with the other AMPAtypic slices, and in a complete loss of LTP in P14 CA1
receptor subunits (Figure 2A). Western blotting with af-neurons of slices prepared from mice lacking the GluR-A
finity-purified anti-GluR-Blong antibody detected a bandsubunit. Taken together, these data show that GluR-
of the appropriate molecular size and an additional bandBlong-containing AMPA receptors provide a GluR-A-
of a slightly lower size, both in rat and mouse forebrainindependent transport mechanism for the induction of
crude membrane lysates (Figure 2B). In order to resolveglutamatergic synaptic plasticity, a function which is
the authenticity of the GluR-Blong signal, we used a fore-significantly utilized in young CA1 neurons.
brain lysate prepared from mice lacking a functional
GluR-B gene. As shown in Figure 2B, only the higher
Results molecular size band was absent in the GluR-B/ lysate,
directly confirming that it corresponds to GluR-Blong,
GluR-Blong mRNA and Protein Expression while the lower band was detected in both wt and GluR-
The distal region of the GluR-B mouse primary transcript B/ lysates and is thus unrelated to GluR-Blong. In addi-
is alternatively spliced to produce either GluR-B mRNA tion, subcellular fractionation of mouse forebrain lysate
which contains the long C-terminal coding sequence in showed an enrichment of GluR-Blong in the postsynaptic
the 3 untranslated region (UTR) or GluR-Blong in which density (PSD) fraction relative to the starting homoge-
the short C-terminal sequence is replaced, after a juxta- nate, as expected for AMPA receptor subunit subcellular
membrane 14 amino residue region highly conserved distribution (Figure 2C).
among all AMPA receptor subunits, by the long C-ter- Next, the developmental profile of hippocampal GluR-
minal sequence (Kohler et al., 1994) (Figure 1A). Implying Blong expression in mice was determined at days 2, 7,
that C-terminal alternative splicing of GluR-B is con- 14, and older than 42 and compared to that of GluR-B
served among mammals, birds, and teleost fish, BLAST (or actin for an independent control). While the expres-
search (blastn NCBI) with the mouse GluR-Blong C-ter- sion of GluR-Blong peaked early postnatally, GluR-B lev-
minal coding sequence identified homologous se- els increased gradually until adulthood (Figures 2D and
quences in the 3 UTR of GluR-B cDNA from human, 2E; similar GluR-Blong expression profile was also ob-
rat, pigeon, and zebrafish. The deduced GluR-Blong served from rat lysates: P2 100, P8 236 76, P14
C-terminal peptide sequences show 78% identity (Fig- 228.5  48.5, P42  92.5%  20.5%, mean  SEM,
ure 1B). n  2). These data show that the expression of the
GluR-Blong expression, with the exception of PCR- two alternative splice variants of GluR-B is differently
regulated during developmental and adult stages. Tobased detection in rat brain cDNA (Kohler et al., 1994)
sections from mouse brains of the indicated ages. Control sections hybridized with probe to which a 200-fold excess of unlabeled probe was
added are shown below the corresponding panels. The sections were exposed to film for 3 weeks. Ad, adult (3 months); OB, olfactory bulb;
DG, dentate gyrus.
(D) Comparison of GluR-Blong and GluR-B expression levels. In situ hybridization was performed with GluR-Blong-specific (Blongsplice) or GluR-
B-specific (Bshortsplice) oligonucleotide. The sections were exposed for 1 week.
(E) Comparison of expression in the adult olfactory bulb and perirhinal cortex of GluR-Blong and GluR-B. GL, glomerular layer; GRL, granule
cell layer; PC, perirhinal cortex.
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Figure 2. GluR-Blong Protein Expression in Brain Lysates
(A) Specificity of anti-GluR-Blong antibody. Lysates of COS1 cells expressing GluR-Blong, GluR-A, GluR-B, GluR-C, and GluR-D (lanes 1–5,
respectively) were Western blotted with anti-GluR-Blong serum (top panel). GluR-Blong was detected as a band of the appropriate molecular
weight (MW) in lane 1. The expression of GluR-A through GluR-D was confirmed by stripping and reprobing with antibodies indicated above
the bottom panel.
(B) Western blot of forebrain crude membrane extracts from rat and wild-type (wt) or GluR-B/ (/) mice with affinity-purified anti-GluR-
Blong and anti-GluR-B antibodies, as indicated above the panels. The specific GluR-Blong band of the appropriate MW, absent in the / lane,
is indicated by an arrow. MW markers, in kilodaltons, are on the right site.
(C) Expression of GluR-Blong in postsynaptic density (PSD). Starting homogenate (hom.), synaptosomal (synapt.), and PSD fractions were
probed with anti-GluR-Blong antibody (top panel) and reprobed with anti-GluR-B/C antibody. GluR-Blong band is marked by an arrow.
(D) Whole-cell lysates from mouse hippocampi of the indicated ages (d, days; m, months) and from 3 month olfactory bulbs (OB) were probed
with antibodies, as indicated on the right side of each panel (the band corresponding to GluR-Blong is always marked by an arrow).
(E) Developmental expression profiles of GluR-Blong and GluR-B (as indicated) from five experiments quantitated by scanning densitometry.
Expression level at P2–P3 was set as 100%: GluR-Blong at P7–P9  200  24.9, P14  179  35.1, and P42  94  50.4; GluR-B at P2–P3 
290  56 and P42  403  92 (%, mean  SD).
(F) Average ratios from three experiments comparing the expression levels in olfactory bulb to those in hippocampus, OB/H ratio, in 3-month-
old animals: GluR-Blong, 1.22  0.26 versus GluR-B, 0.28  0.05 (mean  SD).
confirm the prominent expression of GluR-Blong in the from P9 hippocampal lysates. Probing of parallel immu-
adult olfactory bulb, as detected by in situ hybridization noprecipitates showed that both GluR-A and GluR-C
(Figure 1E), we compared the expression ratios of GluR- subunits were complexed with GluR-Blong (Figure 3A;
Blong and of GluR-B in adult olfactory bulb to hippocam- the GluR-B/ lysate, lanes /, served as a control to
pus (OB/H ratio). As quantified in Figure 2F, GluR-B was ensure the specificity of the coimmunoprecipitations).
approximately 3-fold more abundant in the hippocampal In contrast, neither GluR-D nor GluR-B subunits were
lysate while GluR-Blong was expressed higher in the olfac- detected in the anti-GluR-Blong immunoprecipitates from
tory bulb. We conclude that the levels of GluR-Blong and P9 lysates (Figure 3A). To estimate the fraction of GluR-A
GluR-B are differently regulated in the two regions. and GluR-C assembled with GluR-Blong at early develop-
mental stages, we compared the input levels of AMPA
receptor subunits to the remaining “unbound” levelsGluR-Blong Oligomerization with GluR-A
after near-quantitative immunoprecipitation with theand GluR-C Subunits
anti-GluR-Blong antibody (Figure 3B, samples “inp.” andAMPA receptors are hetero-tetrameric complexes
“unb.”; for these experiments, we followed protocolsformed by different subunit combinations (Rosenmund
used previously to quantitate coassembly of AMPA re-et al., 1998; Wenthold et al., 1996). To investigate the
ceptor subunits [Wenthold et al., 1996]). At P3 and P9composition of the GluR-Blong-containing receptors, we
respectively, approximately 25% and 15% of GluR-A,performed immunoprecipitations with affinity-purified
and 20% and 10% of GluR-C were assembled withanti-GluR-Blong antibody. As shown in Figure 3A, top
panel, GluR-Blong was efficiently immunoprecipitated GluR-Blong (densitometric quantification from three ex-
GluR-Blong-Mediated Synaptic Plasticity
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Figure 3. GluR-Blong Assembles with GluR-A and GluR-C Subunits
(A) P9 hippocampal extracts (lanes input, inp.) from wild-type mice or GluR-B/ (/) mice were immunoprecipitated with anti-GluR-Blong
antibody (lanes IP). Western blotting was with subunit-specific antibodies as indicated on the right side of each panel.
(B) Estimation of fraction of GluR-A and GluR-C assembled with GluR-Blong in P3 and P9 hippocampal extracts. Lanes marked “unb.” show
the unbound amount of protein after immunoprecipitation with anti-GluR-Blong antibody; lanes marked “inp.” show 100% amount of the sample
used for the immunoprecipitations. Antibodies used for Western blotting are indicated on the right side.
(C) Quantification of the unbound levels from three experiments by scanning densitometry, % mean  SD.
(D) Estimation of fraction of GluR-Blong complexed with GluR-A and GluR-B/C subunits in P3 and P9 hippocampal extracts; values from two
experiments are given in the text.
periments is given in Figure 3C). In agreement with the et al., 1994). In order to directly compare protein expres-
sion of GluR-Blong and GluR-B, both subunits were quan-apparent lack of GluR-D and GluR-B assembly with
titatively immunoprecipitated from P7 and P42 hippo-GluR-Blong, no difference was detected for these two
campal lysates with subunit-specific antibodies and thesubunits between input and unbound samples (Figures
amount of the precipitated protein was assayed by3B and 3C). Similarly, no difference was detected for
Western blotting with an antibody directed against thethe NMDA receptor NR1 subunit, which served as an
GluR-B N-terminal domain, thus recognizing both GluR-independent control for the specificity of the immuno-
Blong and GluR-B with the same affinity. As shown inprecipitations (data not shown).
Figure 4A, GluR-Blong to GluR-B ratio was 0.2 at P7Further support for assembly of GluR-Blong with GluR-A
and 0.05 at P42. Thus, in young postnatal neurons,and GluR-C was seen from reverse immunoprecipita-
GluR-Blong is expressed at 20% of the level of GluR-B,tions using a mix of anti-GluR-A and anti-GluR-B/C anti-
a finding which agrees with the similar portion of GluR-Abodies (we used anti-GluR-B/C antibody because the
and GluR-C subunits assembled with GluR-Blong at thisanti-GluR-C antibody was not efficient for immunopre-
stage (Figure 3).cipitations). As shown in Figure 3D, a near quantitative
Subunit maturation is reflected by the glycosylationimmunoprecipitation of GluR-A and GluR-B/C subunits
state: the immature glycoproteins localized in the endo-from the P3 and P9 lysates resulted in a near depletion
plasmatic reticulum (ER) are sensitive to endoglycosi-of GluR-Blong from the “unbound” fractions (Figure 3D;
dase H (Endo H), which removes high-mannose-typeGluR-A-B/C  11.3  0.8 and 10.2  7.1, GluR-Blong 
sugars, while mature glycoproteins are Endo H insensi-9.7  4.2 and 10.4  5; %, mean  SD, P3 and P9
tive. Recently, a large portion of adult GluR-B was re-unbound fractions normalized to input, n  2). In addi-
ported to exist as an immature form stably residing intion, an assessment of the bound levels of GluR-A and
the ER (Greger et al., 2002). To compare the maturationGluR-C in the GluR-Blong immunoprecipitates from adult
of GluR-Blong and GluR-B, whole-cell hippocampal ly-hippocampal lysates showed that nearly 10% of each
sates prepared from young (P7–P9) and adult (P42)subunit remained complexed with GluR-Blong (data not
animals were treated with Endo H as well as withshown). Taken together, we conclude that GluR-Blong
PNGase F which removes all Asn-linked glycans. Asassembles with a significant portion of the GluR-A and
shown in Figure 4B, approximately 10% of GluR-Blong inGluR-C subunits in young principal neurons and partici-
P9 or adult hippocampal lysates was Endo H sensitive,pates in adult AMPA receptors.
as detected by a shift to a position co-migrating with
the fully deglycosylated PNGase F-treated subunit. In
Comparison of GluR-Blong and GluR-B contrast, a considerably larger portion of GluR-B was
Protein Expression sensitive to the Endo H treatment and thus expressed
The level of GluR-Blong mRNA compared to GluR-B as an immature form, especially in the early postnatal
mRNA was previously estimated to be less than 10%, cells: 40% in P9 and 20% in the adult (Figure 4B). We
conclude that the majority of GluR-Blong is mature, evenas analyzed by PCR from adult rat brain cDNA (Kohler
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a linear current-voltage (I-V) relationship of AMPA cur-
rents (Burnashev et al., 1992; Hume et al., 1991), synap-
tic-surface insertion of recombinant EGFPGluR-B(Q)long-
homomeric receptors can be monitored as an increase
of inward rectification of the evoked AMPA receptor-
mediated responses (“electrophysiological tagging”)
(Hayashi et al., 2000; Zhu et al., 2000). In order to distin-
guish between transport mechanisms specific for GluR-
Blong and those which may be shared with the C-ter-
minally related GluR-D which is delivered by spontaneous
synaptic activity selectively in neonatal CA1 neurons
(Zhu et al., 2000), all our experiments were done in slices
corresponding to P14 age. As shown in Figure 5,
EGFPGluR-B(Q)long receptors, after 24–36 hr expression pe-
riods, were clearly present in dendritic spines (Figure 5A;
the dendritic morphology was independently outlined by
imaging of coexpressed red fluorescent protein). At the
same time, a comparison of simultaneously evoked
transmission onto infected and neighboring control cells
showed that EGFPGluR-B(Q)long-expressing neurons had
larger AMPA current amplitudes at 60mV and in-
creased inward rectification (Figures 5D and 5E, bar
graph “Medium”). The I-V relationship of the evoked
responses was examined in both EGFPGluR-B(Q)long-
expressing and nonexpressing neurons (n  8). AMPA-
Figure 4. Comparison of GluR-Blong and GluR-B Expression and receptor-mediated synaptic responses in all EGFPGluR-
Maturation B(Q)long-expressing neurons showed inward rectification
(A) GluR-Blong and GluR-B were quantitatively immunoprecipitated whereas that in nonexpressing neurons was relatively
with subunit-specific antibodies from P7 and P42 hippocampal ly- linear (Figure 5D). Taken together, these results indicate
sates, as indicated above the blot. 50% of the total GluR-Blong IP synaptic insertion of homomeric EGFPGluR-B(Q)long recep-and 10% of total GluR-B IP were loaded on the gel. The blot was
tors and consequent potentiation of AMPA receptor-probed with anti-GluR-B N-terminal-specific antibody. Densitomet-
mediated synaptic transmission.ric ratios between GluR-Blong and GluR-B were 1.0 at P7 and 0.25
To investigate if the transport of GluR-Blong receptorsat P42 in the shown experiment, and 1.1 and 0.4 in a second indepen-
dent experiment. These ratios were then divided by five, in order to depends on low-frequency spontaneous synaptic activ-
normalize for the loaded portion of each IP, giving total average ity, slices were infected and kept during a 24 hr expres-
ratios of GluR-Blong to GluR-B 0.21 at P7, and 0.06 at P42. sion period in medium containing either 12 mM Mg2 or
(B) Maturity of GluR-Blong and GluR-B in hippocampus. Hippocampal 1 M TTX, which inhibits action potential-evoked inter-whole-cell lysates prepared from P9 or 3-month-old (3m) mice were
mittent activity (Zhu et al., 2000). Under these conditions,treated with Endo H or PNGase F as indicated. The levels of mature
EGFPGluR-B(Q)long receptors still trafficked to dendriticrelative to immature forms in the Endo H-treated samples were
analyzed by scanning densitometry and expressed as % from total spines (Figures 5B–5C). However, recordings of evoked
(the mature form comigrates with the untreated subunit; the imma- AMPA receptor-mediated responses showed no signifi-
ture form comigrates with PNGase F-treated subunit). A second cant differences between infected and uninfected neu-
experiment with samples from P7 and P42 samples showed similar rons, indicating that the synaptic surface delivery of
results: GluR-Blong 86% and 87%, GluR-B 58% and 69%, respec- the EGFPGluR-B(Q)long receptors was blocked by inhibitingtively (notice that new anti-GluR-Blong Ab which did recognize the
activity (Figures 5D and 5E, Mg2; data not shown forlower MW crossreacting band, seen in the previous blots, was used
TTX treatment). To test if activation of NMDA receptorsfor these experiments).
was necessary for the synaptic insertion of GluR-Blong
receptors, infected slices were kept during the expres-
sion period in a medium containing the NMDA receptorearly in development, and thus employable for synaptic
blocker APV. As shown in Figure 5E (APV), no differ-function as part of the GluR-A- and GluR-C-containing
ences in AMPA receptor-mediated transmission werereceptor assemblies (above).
found between EGFPGluR-B(Q)long-expressing and control
cells, indicating that the insertion of the recombinant
GluR-Blong Delivery by Spontaneous receptors was prevented by APV. We conclude that the
Synaptic Activity synaptic delivery of the EGFPGluR-B(Q)long receptors in
The functional significance of the GluR-Blong subunit re- P14 CA1 neurons is driven by spontaneous synaptic
lies on its presumably distinct synaptic transport medi- activity and requires the activation of NMDA receptors.
ated by the variant C-terminal domain. To address the Since the GluR-Blong transport relies on the long
mechanism of GluR-Blong synaptic delivery, we ex- C-terminal domain of the subunit, overexpression of a
pressed EGFP-tagged GluR-Blong subunit (flop form) with free GluR-Blong C-terminal peptide would be expected
the R586Q mutation, EGFPGluR-B(Q)long, in organotypic to interfere with the subunit- specific regulatory mecha-
slice cultures using a recombinant Sindbis virus. Since nisms. As shown in Figures 5F and 5G, CA1 neurons
native AMPA receptors in hippocampal pyramidal neu- expressing EGFP-fusion protein containing the GluR-
Blong C-terminal domain, EGFP-GluR-Blongct, for 36 hr hadrons contain the Q/R site-edited GluR-B and hence have
GluR-Blong-Mediated Synaptic Plasticity
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35% decreased AMPA receptor-mediated synaptic
transmission compared to the neighboring uninfected
cells. Importantly, under similar conditions, including the
approximate age of slices, expression of EGFP-fusion
protein containing the GluR-D or GluR A C-terminal do-
main was previously reported to have no effect on AMPA
receptor-mediated responses (Zhu et al., 2000; Shi et
al., 2001) (see also Figure 5H below). This indicates that
at the time of the subunit peak expression, the GluR-
Blong-mediated transport alone is responsible for main-
taining ofone-third of the steady-state AMPA receptor
synaptic content. In addition, we found no difference
in the AMPA receptor-mediated transmission of EGFP-
GluR-Blongct-expressing and uninfected neurons in slices
kept in 12 mM Mg2medium (Figures 5F and 5G,Mg2).
As additional controls, we expressed EGFP-fusion pro-
teins containing the GluR-A and GluR-D C-terminal pep-
tides, EGFP-GluR-Act and EGFP-GluR-Dct, and EGFP-
GluR-Blongct in rat organotypic slices, and the effects of
these constructs were analyzed in a blind fashion. We
also expressed EGFP-GluR-Blongct in mouse GluR-R-
B/ organotypic slices (R-B/ bar graphs in Figure 5H).
These experiments showed that AMPA receptor-medi-
ated synaptic transmission was selectively depressed
(D) Simultaneously evoked AMPA responses from uninfected cells,
Ctrl, and EGFPGluR-B(Q)long-expressing cells, R-B(Q)long, at different
holding potentials (left) and I-V plots of evoked responses from
uninfected and infected cells (right).
(E) Left bar graph shows AMPA responses of cells expressing
EGFPGluR-B(Q)long cultured in normal medium (ctrl: 33.6  4.4 pA;
inf: 46.7  3.4 pA; n  16; p 	 0.05), or with 12 mM Mg2
(ctrl: 38.0  2.9 pA; inf: 37.8  4.8 pA; n  14; p  0.93), or with
100 M DL-APV (ctrl: 38.2  4.4 pA; inf: 36.8  4.9 pA; n  16;
p  0.45) relative to the neighboring control cells. Right bar graph
shows rectification of cells expressing EGFPGluR-B(Q)long in normal
medium (ctrl: 1.90  0.26; inf: 3.19  0.46; n  16; p 	 0.005), or
with 12 mM Mg2 (ctrl: 1.90  0.10; inf: 2.00  0.21 pA; n  14; p 
0.93), or with 100 M DL-APV (ctrl: 1.91  0.18; inf: 1.87  0.16;
n  16; p  0.72) relative to the neighboring control cells.
(F) Sequentially evoked AMPA receptor responses from uninfected
cells, Ctrl, and EGFP-GluR-Blongct-expressing cells, R-Blongct, in nor-
mal medium (Medium) and in 12 mM Mg2-containing medium
(Mg2).
(G) Left bar graph shows AMPA responses of EGFP-GluR-Blongct-
expressing cells cultured in normal medium (ctrl:144.1  14.7 pA;
inf: 93.4  9.8 pA; n  13; p 	 0.05), or with 12 mM Mg2
(ctrl: 154.4  26.3 pA; inf: 154.2  26.7 pA; n  6; p  0.99)
relative to the neighboring control cells. Right bar graph shows
rectification of EGFP-GluR-Blongct-expressing cells in normal me-
dium (ctrl: 1.44  0.04; inf: 1.5  0.06; n  13; p  0.6), or with 12
mM Mg2 (ctrl: 1.52  0.13; inf: 1.37  0.08 pA; n  6; p  0.4)
relative to the neighboring control cells.
(H) Left bar graph shows AMPA responses of EGFP-GluR-Act-
(ctrl: 23.1  1.6 pA; inf: 21.3  1.7 pA; n  14; p  0.47), EGFP-
GluR-Blongct- (ctrl: 26.2  2.2 pA; inf: 16.4  2.2 pA; n  14; p 	
0.01), and EGFP-GluR-Dct- (ctrl: 26.0  3.4 pA; inf: 24.7  2.3
pA; n  14; p  0.84) expressing rat cells and EGFP-GluR-Blongct-
Figure 5. Delivery of EGFPGluR-B(Q)long by Spontaneous Synaptic Ac- expressing GluR-B/ mouse cells (ctrl:26.9 4.0 pA; inf:23.3
tivity 2.6 pA; n  14; p  0.65) relative to the neighboring control cells.
(A and B) Two-photon images show equal expression of EGFPGluR- Right bar graph shows NMDA responses of EGFP-GluR-Act- (ctrl:
B(Q)long in dendritic spines of CA1 pyramidal neurons in normal and 47.6  5.5 pA; inf: 49.1  4.1 pA; n  14; p  0.93), EGFP-GluR-
in 12 mM Mg2-containing medium. Green channel  EGFP, red Blongct- (ctrl: 49.2  5.3 pA; inf: 47.3  4.7 pA; n  14; p  0.78),
channel  RFP, the right panels in (A) and (B)  overlay. and EGFP-GluR-Dct- (ctrl: 49.0  3.0 pA; inf: 48.7  4.3 pA; n 
(C) Average EGFP fluorescence in dendritic spines relative to neigh- 14; p 0.98) expressing rat cells and EGFP-GluR-Blongct-expressing
boring dendritic shafts; normal medium  2.11  0.26, n  46, 12 R-B/ mouse cells (ctrl: 68.4  6.7 pA; inf: 61.3  5.2 pA; n  14;
mM Mg2  1.84  0.13, n  44; t test, p  0.37. p  0.33) relative to the neighboring control cells.
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Figure 6. Comparison of GluR-Blong and
GluR-B Trafficking
(A and B) Coexpressed EGFPGluR-B(Q)long and
EGFPGluR-B(R) fail to coassemble in receptor
complexes
(A) Simultaneously evoked AMPA responses
from uninfected cells (Ctrl) and EGFPGluR-
B(Q)long- and EGFPGluR-B(R)-expressing cells,
R-B(Q)long  R-B(R).
(B) Left bar graph shows AMPA responses
of cells expressing EGFPGluR-B(Q)long and
EGFPGluR-B(R) (ctrl: 28.6  2.7 pA; inf:
43.6  4.0 pA; n  18; p 	 0.01) relative
to the neighboring control cells. Right bar
graph shows rectification of cells coexpress-
ing EGFPGluR-B(Q)long and EGFPGluR-B(R) (ctrl:
1.63 0.10; inf: 2.17 0.16; n 18; p	 0.05)
relative to the neighboring control cells.
(C and D) Inserted EGFPGluR-B(Q)long receptors
are exchanged by endogenous GluR-B-con-
taining receptors. (C) Simultaneously evoked
AMPA receptor responses from uninfected
cells (Ctrl) and EGFPGluR-B(Q)long-expressing
cells, R-B(Q)long, after 24 hr incubation in nor-
mal medium, followed by 4 day incubation in
12 mM Mg2 medium. (D) Plot of AMPA
responses in cells expressing EGFPGluR-B(Q)long relative to control uninfected cells against the expression time. Amplitude (ctrl: 32.5  3.6
pA; inf: 45.3  4.0 pA; n  18; p 	 0.01 for day 3; ctrl: 36.9  3.4 pA; inf: 52.9  3.6 pA; n  12; p 	 0.05 for day 5) and rectification
(ctrl: 1.96  0.20; inf: 1.85  0.11; n  18; p  0.53 for day 3; ctrl: 1.90  0.18; inf: 1.96  0.18 pA; n  14; p  0.43). AMPA response
amplitude and rectification and their standard errors were normalized to average values from control cells. *p 	 0.05 (Wilcoxon test).
by EGFP-GluR-Blongct expressed in rat CA1 cells, while subunits function largely within distinct receptor com-
plexes.the NMDA receptor-mediated responses were unaf-
fected under all conditions (Figure 5H). Taken together, The GluR-B-mediated constitutive delivery of the
GluR-B/GluR-C receptors was previously shown to re-these results indicate that expression of EGFP-GluR-
Blongct interferes specifically with the GluR-Blong transport place the GluR-A and GluR-D receptors after their activ-
ity-dependent synaptic insertion (Shi et al., 2001; Zhudriven by spontaneous synaptic activity.
et al., 2000). To test if the same is also true for the GluR-
Blong receptors, we performed a “chase” experiment forInserted GluR-Blong-Containing Receptors Are
synaptic surface expression of the EGFPGluR-B(Q)long re-Replaced by GluR-B-Containing Receptors
ceptors. Infected slices were first incubated for 1 dayOur analysis of native GluR-Blong-containing receptors
in a normal medium in order to allow synaptic deliveryshowed that the GluR-Blong and GluR-B subunits were
of the recombinant receptors by spontaneous synapticnot coassembled in P9 hippocampal lysates (Figure 3),
activity. After this period, the slices were transferred toeven though both are expressed in principal neurons
a medium containing 12 mM Mg2, in order to inhibitfrom the same precursor mRNA (Figure 1). To test if
further insertion of the EGFPGluR-B(Q)long receptors, andsuch selectivity in oligomerization can be reproduced
the surface expression of the recombinant receptorswith recombinant subunits, we coexpressed EGFPGluR-
was tested after additional incubation for 2–4 days. AB(Q)long and EGFPGluR-B(R) in organotypic slices by biolis-
comparison of evoked transmission onto infected andtic gene transfer (Shi et al., 2001). If the two GluR-B
control cells showed that the EGFPGluR-B(Q)long-express-C-terminal variants fail to assemble, the delivery of ho-
ing cells had enhanced AMPA receptor-mediated cur-momeric EGFPGluR-B(Q)long receptors should result in an
rent amplitudes, even after the 4 day chase period, butincrease of both AMPA receptor-mediated current am-
the current rectification was not different between theplitudes and inward rectification. On the other hand,
infected and control cells (Figures 6C and 6D). We con-should the two subunits heterooligomerize, the delivery
clude that the potentiation of AMPA receptor-mediatedof the recombinant receptors containing the EGFPGluR-
transmission induced by the synaptic delivery of theB(R) subunit will not change the rectification of AMPA
EGFPGluR-B(Q)long receptors persists for at least severalreceptor-mediated responses (the feasibility of this ap-
days, while the recombinant receptors themselves areproach for monitoring of AMPA receptor subunit assem-
replaced by endogenous nonrectifying AMPA receptors,bly was shown previously with complexes of heterolo-
containing the Q/R site-edited GluR-B subunit.gous GluR1/GluR2 and GluR2/GluR3 subunits) (Shi et
al., 2001). As shown in Figures 6A and 6B, the trans-
fected cells showed increased AMPA receptor-medi- GluR-Blong Delivery following the Induction of LTP
Both, the insertion of EGFPGluR-B(Q)long receptors byated current amplitudes and larger rectification, indicat-
ing that EGFPGluR-B(Q)long receptors remained expressed spontaneous synaptic activity and the delivery of GluR-A
receptors during LTP depend on activation of NMDAmainly in the form of homomeric channels. These data
provide further evidence that native GluR-Blong and GluR-B receptors (above) (see also Hayashi et al., 2000). Based
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on the shared induction mechanism, we wished to ex-
amine if GluR-Blong-dependent receptor transport can
also participate during LTP. For this experiment, in-
fected slices were kept during the expression period in
12 mM Mg2-containing medium, in order to prevent
synaptic insertion of the EGFPGluR-B(Q)long receptors.
Consequently, no differences in amplitude or rectifica-
tion were observed between infected and control cells
during a baseline period of transmission (Figures 7A–
7C). However, when the evoked transmission was exam-
ined following the induction of LTP by a pairing protocol,
EGFPGluR-B(Q)long-expressing cells showed increased
rectification of the AMPA receptor-mediated currents
as well as slightly higher level of potentiation, compared
to simultaneously recorded nearby control cells (Figures
7A–7C). The increased inward rectification clearly shows
that the EGFPGluR-B(Q)long receptors were synaptically de-
livered in response to the pairing protocol stimulation.
In order to directly examine if endogenous GluR-Blong
receptors play a role in LTP, we inhibited the transport
of GluR-Blong receptors during LTP induction by expres-
sion of the EGFP-tagged GluR-Blong C-terminal peptide,
EGFP-GluR-Blongct (note that during the 1 day viral ex-
pression period, slices were kept in 12 mM Mg2 to
prevent initial depression of AMPA receptor-mediated
responses in the infected cells due to interference with
GluR-Blong transport by spontaneous synaptic activity;
Figures 5G and 5H). As shown in Figures 8A–8C, simulta-
neous induction of LTP on control and EGFP-GluR-
Blongct-expressing CA1 neurons revealed approximately
50% reduction in potentiation of the evoked AMPA re-
ceptor-mediated responses in the infected cells. These
data indicate that endogenous GluR-Blong receptors sig-
nificantly participate in the induction of LTP in young
CA1 neurons, a finding which also suggests that synap-
tic delivery of GluR-Blong receptors may underlie GluR-A-
independent LTP observed in slices from P14 GluR-A/
mice (Jensen et al., 2003). In order to directly test this,
we repeated the EGFP-GluR-Blongct experiments in or-
ganotypic slices prepared from the GluR-A/ mice (Za-
manillo et al., 1999). First, we tested the effect of chronic
inhibition of GluR-Blong transport on AMPA receptor
transmission in the GluR-A/ CA1 neurons. Cells ex-
pressing EGFP-GluR-Blongct for 1 day showed depressed
AMPA receptor-mediated synaptic transmission by
40% (ctrl: 35.4  5.0 pA; inf: 18.9  3.4 pA; n 
16; p	 0.005), but no significant change in transmission
mediated by NMDA receptors (ctrl: 50.8  3.2 pA; inf:
45.5  5.8 pA; n  16; p  0.54). This effect of EGFP-
GluR-Blongct was abolished when slices were kept in 12
mM Mg2-containing medium which depresses neural
activity (ctrl: 19.6  2.3 pA; inf: 20.5  2.7 pA; n 
Figure 7. Delivery of EGFPGluR-B(Q)long during LTP Induction 17; p  0.76 for AMPA responses; ctrl: 69.1  7.5 pA;
(A) Average AMPA receptor-mediated synaptic responses obtained inf: 72.8 5.0 pA; n 8; p 0.65 for NMDA responses).
before (60mV, trace 1) and after (60mV and 40mV, traces 2
and 3) pairing protocol from uninfected (Control) and infected,
R-B(Q)long, cells cultured in high Mg2-containing medium during the
infection period. Lower plot, example of normalized simultaneously
evoked responses from control (black circles) or EGFPGluR-B(Q)long- expressing cells, R-B(Q)long, before and after pairing (ctrl: 192.3% 
expressing (gray squares) cells against the time. 15.4% from initial 34.6  3.1 pA to 66.1  9.0 pA; inf: 248.9% 
(B) Average normalized AMPA receptor-mediated responses, plot- 21.7% from initial 37.9  4.9 pA to 86.2  6.7 pA; n  8; p 	
ted as in (A), from control (black circles) or EGFPGluR-B(Q)long-express- 0.05). Right, rectification of synaptic AMPA receptor-mediated re-
ing (gray squares) cells against the time (n  8). sponses in uninfected and EGFPGluR-B(Q)long-expressing cells after
(C) Left bar graph, steady-state synaptic AMPA receptor-mediated pairing (ctrl: 2.10.26; inf: 3.22  0.34; n  8; p 	 0.05). *p 	 0.05
response amplitudes in uninfected (Ctrl) and EGFPGluR-B(Q)long- (Wilcoxon test).
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Figure 8. Contribution of GluR-B to LTP
(A) Average AMPA receptor-mediated responses obtained before (60mV, thick trace) and after (60mV, thin trace) pairing from a pair of
control and EGFP-GluR-Blongct-expressing cells in normal ACSF (upper left and middle) and control cells in ACSF containing 100 M DL-APV
(upper right). Lower plot, example of normalized simultaneously evoked responses recorded from control (black), infected (gray) and control
in APV (empty circle) cells against the time.
(B) Average normalized simultaneously evoked responses plotted as in (A).
(C) Steady-state synaptic AMPA-R-mediated response amplitudes in paired control and infected cells in normal ACSF (ctrl: 199.0%  16.7%
from initial 13.2  1.7 pA to 26.2  3.8 pA; inf: 143.9%  19.6% from initial 13.8  2.2 pA to 21.0  4.0 pA; n  10; p 	 0.05), and
control cells in ACSF containing APV (APV: 95.4%  11.7% from initial 14.7  1.7 pA to 13.9  2.2 pA) before and 25 min after pairing.
(D) Average AMPA receptor-mediated responses obtained before (60mV, thick trace) and after (60mV, thin trace) pairing from a pair of
control and EGFP-GluR-Blongct-expressing cells in slices prepared from GluR-A/ mice. Lower plot, example of normalized simultaneously
evoked responses recorded from the control and infected cells against the time.
(E) Average normalized simultaneously evoked responses plotted as in (D).
(F) Steady-state synaptic AMPA-R-mediated response amplitudes in paired control and EGFP-GluR-Blongct-expressing GluR-A/ cells before
and 25 min after pairing (ctrl: 146.9%  19.9% from initial 13.8  2.1 pA to 18.2  2.5 pA; inf: 93.9%  13.5% from initial 14.1  1.6
pA to 13.5  2.6 pA; n  9; p 	 0.01).
These results show that, similar to what we observed tected in acute P14 GluR-A/ slices (Jensen et al.,
2003), we detected stable LTP in control GluR-A/ neu-in rat organotypic slices, spontaneous synaptic activity
drives synaptic delivery of endogenous GluR-Blong re- rons in the organotypic slices, but LTP was fully abol-
ished in GluR-A/ cells expressing EGFP-GluR-Blongctceptors in GluR-A/ neurons. Next, we examined the
effect of inhibition of GluR-Blong transport on LTP in the (Figures 8D–8F). Taken together, our data obtained from
rat as well as mouse GluR-A/ neurons show that GluR-GluR-A-lacking CA1 neurons. Similar to the LTP de-
GluR-Blong-Mediated Synaptic Plasticity
1209
Blong receptors are critically involved in GluR-A-indepen- delivery GluR-Blong-containing receptors are replaced by
GluR-B-containing receptors (discussed below) maydent form of synaptic plasticity at juvenile CA3 to CA1
synapses. thus be especially important for GluR-Blong synaptic
functions, since this transport mechanism essentially
frees the less abundant GluR-Blong-containing receptorsDiscussion
for additional rounds of activity-dependent synaptic de-
liveries.Postsynaptic trafficking of AMPA receptors, a process
responsible for maintaining the steady-state level of
AMPA receptor synaptic transmission, is believed to Enhancement of Synaptic Transmission via
GluR-Blong-Mediated AMPA Receptor Deliveryalso actively partake in glutamatergic synaptic plasticity
in principal neurons, such the hippocampal CA1 cells. Triggered by Spontaneous Synaptic Activity
We found that spontaneous synaptic activity sufficientHere we show that the AMPA receptor subunit GluR-
Blong is delivered to synapses by spontaneous synaptic to activate NMDA receptors led to the delivery of re-
combinant GluR-Blong receptors to synapses of CA1activity and following the induction of LTP. Inhibition of
the former form of GluR-Blong transport results in 35% pyramidal neurons. Following their delivery, GluR-Blong
receptors were synaptically exchanged by nativedecrease of AMPA receptor-mediated response at
P14 CA3 to CA1 synapses, indicating that delivery of GluR-B-containing receptors, a finding which agrees
with the previously described constitutive mode of syn-endogenous GluR-Blong-containing receptors by sponta-
neous synaptic activity is required to maintain approxi- aptic delivery mediated by the GluR-B subunit (Zhu et
al., 2000; Shi et al., 2001).mately one-third of the steady-state AMPA receptor syn-
aptic content. At the same time, synaptic delivery of What is the physiological significance of GluR-Blong-
mediated AMPA receptor transport by spontaneousGluR-Blong-containing receptors following the induction
of LTP is responsible for approximately 50% of the sta- synaptic activity? In neonatal (	P7) principal neurons,
spontaneous synaptic activity, known to be importantbly established potentiation at the P14 CA3 to CA1
synapses. GluR-Blong-containing receptors, via their C-ter- for maturation of synaptic circuits (Feller, 1999; Katz and
Shatz, 1996), delivers recombinant GluR-D receptors tominal-dependent transport mechanisms, thus clearly
contribute to AMPA receptor functions in the juvenile silent synapses, and an expression of EGFP fusion with
the intracellular GluR-D C-terminal domain strongly in-hippocampus.
hibits endogenous AMPA receptor-mediated responses
(Zhu et al., 2000). Since GluR-Blong is expressed in theCharacterization of Native
hippocampus as early as E19, it is likely to participateGluR-Blong-Containing Receptors
in the establishment of AMPA receptor transmission bySince the cellular or developmental expression of GluR-
spontaneous synaptic activity, and it would be difficultBlong has not yet been established, we first analyzed
to establish which of the two C-terminally related sub-GluR-Blong mRNA and protein expression. GluR-Blong was
units plays the more critical role during the conversiondetected in the hippocampus from early development,
of silent to functional AMPA receptor-containing syn-with a peak of expression around the end of the second
apses in principal neurons in the first postnatal week.postnatal week. In the adult, while its hippocampal ex-
However, recombinant GluR-D receptors are not deliv-pression decreased, GluR-Blong was prominent in the
ered to synapses in more mature principal cells (corre-granule cells of the olfactory bulb. These olfactory cells
sponding to P10) (Zhu et al., 2000; and current work),are GABAergic neurons that are continually generated
and GluR-D is expressed primarily in interneurons induring adulthood (Gheusi et al., 2000). The high expres-
the adult (Geiger et al., 1995; Leranth et al., 1996). Oursion of GluR-Blong in these neurons, together with the
findings that GluR-Blong receptors are synaptically deliv-peak expression of GluR-Blong in early postnatal principal
ered at later ages and that block of this process resultscells, suggests that GluR-Blong may primarily function
in a marked depression of AMPA receptor synaptic re-during synaptic formation and maturation.
sponses clearly indicate that delivery of GluR-Blong-con-Comparison of GluR-Blong and GluR-B expression re-
taining AMPA receptors by spontaneous synaptic activ-vealed several differences. First, the expression of GluR-
ity participates in synaptic plasticity at juvenile andBlong was differently regulated from that of GluR-B, both
possibly mature synapses. Speculatively, such GluR-regionally and developmentally, indicating distinct func-
Blong-mediated transport may underlie the same “unsi-tional requirements for GluR-Blong versus GluR-B-con-
lencing” function during formation of new excitatorytaining receptor assemblies. Second, most GluR-Blong
synapses associated with later experience-dependentwas found as a mature glycoprotein, even at early post-
circuit remodeling and LTP (Luscher et al., 2000; Yustenatal stages, while a large portion of GluR-B was imma-
and Bonhoeffer, 2001).ture in young neurons and thus residing in the ER to
medial Golgi compartments. GluR-Blong-containing com-
plexes are thus fully employable for synaptic function Enhancement of Synaptic Transmission via
GluR-Blong-Mediated AMPA Receptor Deliveryalready in early postnatal development, possibly due to
an active ER-Golgi transport mediated by its C-terminal following the Induction of LTP
In the adult CA1 pyramidal neurons, activity-dependentdomain (see also Greger et al. [2002] for GluR-A and
GluR-B maturation). Third, direct comparison of expres- trafficking is mainly mediated by GluR-A-containing re-
ceptors, potentially explaining why tetanus-induced LTPsion levels showed GluR-Blong as a minor form compared
to GluR-B, amounting to 20% in early postnatal develop- is absent in GluR-A-deficient mice (Zamanillo et al.,
1999). However, GluR-A-independent forms of LTP havement and 5% in the adult. The fact that after synaptic
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1998). For quantitative immunoprecipitations, hippocampal lysatesbeen described in juvenile as well as adult GluR-A/
were prepared from a fresh material as described (Wenthold et al.,mice (Hoffman et al., 2002; Jensen et al., 2003). We
1996). Briefly, dissected hippocampi were homogenized at 30–60showed here that next to the above-described delivery
mg/ml in 0.5 M potassium phosphate (pH 7.4), containing 20% (w/v)
by spontaneous synaptic activity, GluR-Blong receptors glycerol and protease inhibitors. Triton X-100 was added to a final
are also delivered to synapses by pairing protocol re- concentration of 1% and the solution was incubated at 37
C for 30
min, then spun at 100,000  g for 1 hr, dialyzed against 0.1 M Trissulting in the induction of LTP. Due to the experimental
(pH 7.5), containing 0.1% Triton X-100 and 10% glycerol O/N, anddesign used for electrophysiological tagging, i.e., an
finally spun 100,000  g for 1 hr. Supernatant containing solubleoverexpression of homomeric recombinant channels,
proteins at 1–1.5 mg/ml was used for immunoprecipitations withwe were not able to examine the relative involvement
affinity-purified anti-GluR-Blong or anti-GluR-B antibody prebound onof GluR-Blong receptors in mediating synaptic plasticity protein A agarose beads (Pierce). For deglycosylations, the same
induced by the two types of NMDA receptor-dependent lysate was treated with Endo H or PNGase F according to the manu-
facturer’s protocol (New England Biolabs). Western blotting wasactivity. However, in our last set of experiments, we
done as described (Osten et al., 1998) with primary antibodiesshowed that inhibition of synaptic delivery of GluR-Blong
against GluR-A, GluR-B, GluR-B/C, GluR-D (Chemicon), and GluR-Creceptors during the induction of LTP resulted in 50%
(Zymed). All Western blot quantifications were done by NIH image;reduction of the level of established potentiation in neu-
films of different exposures, as well as in some cases increasing
rons of rat organotypic slices, while in slices prepared amount of loaded input protein per lane, were used to control for
from GluR-A/ mice, inhibition of GluR-Blong delivery linearity of the signals.
completely abolished the remaining LTP. These data
thus imply that GluR-Blong-containing receptors mediate GluR-B/ Mice
To generate mice with an exon 11 deletion in the GluR-B gene (Jiaa GluR-A-independent form of glutamatergic plasticity
et al., 1996), a GluR-B targeting vector (Kask et al., 1998) was modi-at P14 CA3 to CA1 synapses, perhaps acting in syn-
fied by insertion of an additional loxP site into intron 10. One targetedergy with other proposed postsynaptic mechanisms of
R1 ES cell clone was used to generate GluR-B mice which carry
plasticity, such as changes in AMPA receptor proper- GluR-B alleles with floxed exon 11. Exon 11 was finally removed in
ties, voltage-gated channel properties, or the number vivo in breedings with Cre “deleter” mice (Schwenk et al., 1995).
Mice homozygous for the GluR-B allele showed no expression ofof postsynaptic sites/dendritic spines. Isolation and func-
GluR-B protein (V.M. and R. Sprengel, unpublished data).tional characterization of GluR-Blong-interacting partners
should provide further insights into the molecular mech-
Sindbis Virus Expressionanisms underlying the GluR-Blong-dependent synaptic
Either pSinRep5 vector (Invitrogen) or pSinRep(nsp2S726) vectorplasticity.
(Dryga et al., 1997) were used for production of the infectious parti-
cles as previously described (Osten et al., 2000; Zhu et al., 2000), with
Experimental Procedures helpers DH(26S) and DH(26S)5tRNA (J. Kim and P.O., unpublished
data), respectively. Viral particles were purified on sucrose gradient
In Situ Hybridization (55% overlaid with 20% sucrose in 50 mM Tris, pH 7.4, 100 mM
Experiments were performed on mice of different ages as described NaCl, 0.5 mM EDTA), concentrated on 100 kDa cut-off columns
(Keinanen et al., 1990) with specific antisense oligonucleotides, Blong- (Millipore) and resuspended in Ringer solution (Biometra). Rat hippo-
splice: GGCAGCGCTCAAGGTCATCTTCATTCGTTTCGCCTC and campal organotypic slice cultures were prepared from P5–P7 ani-
Bshortsplice: CTGTGCATTCTTTGCCACCTTCATTCGTTTCGCCTC. mals as described (Zhu et al., 2000).
Both probes bridge across the splicing region of the corresponding
GluR-B C-terminal form and are specific under the used washing Fluorescence Analysis
conditions. Hybridization was done in 50% formamide, 4SSC CA1 neurons cotransfected with EGFPGluR-B(Q)long and RFP (dsRed2;
(1 0.15 M NaCl, 0.015 M sodium citrate), and 10% dextran sulfate Clontech) were imaged with two-photon microscopy. The relative
overnight at 42
C. Sections were washed in 1SSC at 60
C and fluorescence in the spines was calculated using the equation, rela-
exposed for 1 and 3 weeks. tive fluorescence  (FGFP-spine/FRFP-spine)/(FGFP-shaft/FRFP-shaft)  100%,
where FGFP-spine and FGFP-shaft were the average GFP fluorescence in
Generation of Antiserum the dendritic spines and shafts, and FRFP-spine and FRFP-shaft were the
GluR-Blong-specific antibody was generated by immunization of rab- average RFP fluorescence in the same areas. GFP and RFP fluores-
bits with peptide CSPGMGMNVSVTDLS (Anaspec). Antibodies were cence intensities were measured from the dendritic spines and shaft
purified on agarose peptide column (Sulfolink kit; Pierce). Fractions regions next to the spines using Fluoview (Olympus America Inc.,
were eluted with 0.1 M glycine (pH 2.5) and immediately neutralized Melville, NY). The borders of the locations defined as spine and
with 1 M Tris (pH 8). Appropriate fractions were pooled and dialyzed dendrite are selected using only the Texas Red channel image.
overnight in PBS. Characterization of the antiserum was done on
lysates from HEK 293 cells transfected with relevant AMPA receptor Electrophysiology
subunit cDNAs in pRK5 expression vector (Keinanen et al., 1990). Simultaneous whole-cell recordings were obtained from pairs of
The cells were lysed and processed as described (Osten et al., 2000). nearby infected/transfected and uninfected/untransfected CA1 neu-
rons, under visual guidance using fluorescence and transmitted light
illumination as described previously (Zhu et al., 2000). Bath solutionProtein Chemistry
Crude membrane fractions were prepared from wt C57BL6 or from (29
C  1.5
C) contained 119 mM NaCl, 2.5 mM KCl, 4 mM CaCl2,
4 mM MgCl2, 26 mM NaHCO3, 1 mM NaH2PO4, 11 mM glucose,GluR-B/ mice of different ages. Briefly, cerebral cortexes and
hippocampi were dissected, homogenized in buffer A (0.32 M su- 0.1 mM picrotoxin, 0.01 mM bicuculline, and 0.002 mM 2-chloroade-
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 g, pooled sine was included to prevent bursting. Patch recording pipettes (3–6
M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mean  SEM and statistical differences of the means were deter- Enhanced LTP in mice deficient in the AMPA receptor GluR2. Neuron
mined using Wilcoxon nonparametric test unless otherwise stated. 17, 945–956.
Significance was set at p 	 0.05.
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